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Abstract: Aquatic herbicides are commonly used to control a wide variety of algae and plants, but they also have the potential
to contaminate and affect nontarget organisms. However, the impacts of low-level 2,4-dichlorophenoxyacetic acid (2,4-D)
herbicide exposure on larval fish are not well understood. We conducted a series of experiments to determine the effects of low
concentrations (0.05, 0.50, and 2.00 ppm) of 2 commercial 2,4-D amine salt herbicide formulations (Weedestroy® AM40
[WAM40] and DMA® 4 [VM [DMAA4]) and pure 2,4-D on the development and survival of fathead minnows (Pimephales
promelas) atvarious life cycle stages. Larval survival (30 d post hatch [dph]) was decreased following exposure of eggs and larvae
to pure 2,4-D (0.50 ppm; p < 0.001), as well as to WAMA40 (0.50 and 2.00 ppm; p < 0.001, p < 0.001) and DMA4 (0.50 and
2.00 ppm; p < 0.001, p < 0.001). The results also narrowed the critical window of exposure for effects on survival to the period
between fertilization and 14 dph. Development was not negatively altered by any of the compounds tested, although the
commercial formulations increased larval total length and mass at 2.00 ppm. Altogether, the results indicate that the use of
2,4-D herbicides for weed control in aquatic ecosystems at current recommended concentrations (<2 ppm whole lake; <4 ppm
spot treatment) could present risks to fathead minnow larval survival. Environ Toxicol Chem 2018;37:2550-2559. © 2018 SETAC
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INTRODUCTION

Aquatic herbicides have the potential to contaminate
surface water and groundwater (Ritter 1990), affecting nontar-
get fish species in their natural habitats (Barbieri 2009;
Menezes et al. 2015; DeQuattro and Karasov 2016; Ruiz de
Arcaute et al. 2016). The active ingredient 2,4-dichlorophe-
noxyacetic acid (2,4-D) is contained in many systemic
herbicides used worldwide for selective weed control in
agriculture and for control of invasive plants in public and
private aquatic systems (e.g., Eurasian milfoil). At low
concentrations, 2,4-D mimics auxin, thereby promoting
uncontrolled plant cell growth (elongation and cell division;
Grossmann 2003; Song 2014). The active ingredient 2,4-D also
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causes abnormal growth in the vascular tissue, senescence,
and plant death (US Environmental Protection Agency 2005;
Song 2014). The US Environmental Protection Agency (USEPA)
permits aquatic 2,4-D amine applications up to 4 ppm for spot
treatments and up to 2 ppm for whole-lake treatments, with an
allowance for follow-up treatment 21 d after the initial
application (US Environmental Protection Agency 2005). The
half-life of 2,4-D in water is highly variable but is stated as
being 15 d in aerobic water systems (US Environmental
Protection Agency 2005). The Wisconsin Department of
Natural Resources reported finding concentrations above the
irrigation water threshold (0.10ppm) 93 d after a spot lake
treatment using 2,4-D at 0.50ppm (Nault et al. 2014).
Persistence of 2,4-D herbicide formulations may pose a risk
to aquatic organisms because nontarget organisms are likely
being exposed for periods longer than anticipated by
regulations. We chose to test a range of treatment concen-
trations at or below whole-lake treatment permit levels (i.e.,
0.05, 0.50, and 2.00 ppm) to improve our understanding of
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prolonged (subchronic) low-level exposure to two 2,4-D
herbicide amine formulations and the active ingredient,
technical grade 2,4-D acid.

The USEPA classifies 2,4-D as slightly to moderately toxic.
Previous acute toxicity trials using 2,4-D pure compound were
performed on a variety of fish species, such as rainbow trout,
bluegill, striped bass, banded killifish, white perch, eel, and
carp (US Environmental Protection Agency 2005). No-
observed-effect concentrations for pure 2,4-D were deter-
mined to be in the range of 14.2 to 63.4 ppm acid and amine
form (US Environmental Protection Agency 2005). Most of this
previous research, however, used either adult or juvenile
stages, and tested the pure 2,4-D compound rather than
actual herbicide formulations, which are often composed of
some percentage of 2,4-D (i.e., active ingredient) and a
percentage of other compounds thought to be inert (i.e.,
nonactive ingredient). In earlier studies, adult fathead
minnows exposed to pure 2,4-D compound for 21 d showed
no significant change in fish fertility, body weight, or length
(Coady et al. 2013). In contrast, a recent study on juvenile
silver catfish exposed for 90 d to a 2,4-D amine salt herbicide
formulation, U 46® D-fluid, showed a decrease in growth
parameters at 0.50 and 2.00 ppm (Menezes et al. 2015). Inert
labeled ingredients in formulations can be toxic on their own,
can increase the toxicity of the active ingredient, can increase
exposure to the active ingredient, and/or can increase the
toxicity of the formulation (Oakes and Pollak 1999, 2000; Cox
and Surgan 2006; Pérez et al. 2011; Mesnage et al. 2014). To
accurately predict the effect of 2,4-D herbicides on freshwater
systems and effectively manage their use, studies must be
conducted on the actual herbicide formulations and not just
the active ingredient 2,4-D.

Early developing stages in aquatic organisms are typically at
higher risk from toxicants than their adult counterparts (Lotufo
and Fleeger 1997; Mécova et al. 2008; Fairchild et al. 2009;
Mensah et al. 2011). Although early developmental stages often
represent a more susceptible period for toxicant exposure (Laale
and Lerner 1981, Von Westernhagen 1988; McKim 1995;
Bentivegna and Piatkowski 1998; Oikari et al. 2002; Mohammed
2013), most studies on the effects of fish exposed to 2,4-D used
either adult or juvenile life stages. To accurately predict the
effect of 2,4-D herbicides, it is crucial to explore their impacts on
the survival and development of fishes, especially during early
development (embryo and larva stages), to understand their
total impact.

A recent study conducted in our laboratory (DeQuattro and
Karasov 2016) continuously exposed adult fathead minnows
(4 wk) and their offspring (from fertilization to 30 d post hatch
[dph]) to DMA® 4 IVM (DMAJ). The results showed a significant
decrease in larval survival at concentrations as low as 0.034 ppm.
Therefore, we first wanted to investigate whether other 2,4-D
herbicide formulations would show similar negative impacts on
larval survival. Consequently, we ran the same experiment with
another commonly used 2,4-D formulation, Weedestroy‘@ AMA40
(WAM40). Second, we explored whether there is a critical life-
stage window of exposure for fathead minnows. Thus, we
narrowed our exposure period to include fertilization to 30 dph
for both formulations to determine whether this would cause the
same negative impacts on larval survival. Finally, we wanted to
determine whether these impacts following 2,4-D exposures
were due to the active ingredient (pure 2,4-D) or to the
formulations as a whole (DMA4, WAMA40).

MATERIALS AND METHODS

Experimental guidelines

We completed a series of 3 experiments (Table 1). The
purpose of experiment 1 was to determine whether the
herbicide formulation WAM40 showed similar effects to the
herbicide formulation DMA4, as previously described in
DeQuattro and Karasov (2016). The purpose of experiment 2
was to narrow down the critical window of exposure and to
determine whether larval survival was still negatively impacted if
the parental generation was not exposed. Finally, the purpose of
experiment 3 was to test whether impacts observed in
experiment 2 were due to the active ingredient (pure 2,4-D) or
to the herbicide formulations as a whole.

Chemicals

Pure technical grade 2,4-D acid (pure 2,4-D; purity >95%),
WAMA40 (46.8% 2,4-D), and DMA4; (46.3% 2,4-D) commercial
2,4-D amine liquid herbicides were purchased from Grainger
Lab Supplies, Forestry Suppliers, and NewTech Bio, respec-
tively. Concentrated stock solutions for each formulation were
prepared such that their delivery to the dilution cells would result
in target concentrations of 0.00 (control), 0.05, 0.50, and
2.00ppm of 2,4-D at the tank level in our system (experiment
3: 0.00, 0.50, and 2.00ppm). The stock solutions for the

TABLE 1: Summary of life stages and commercial 2,4-D formulations tested over all 3 experiments®

Life stage at exposure

Experiment identification (herbicide formulation) Adult Embryo Larval
DeQuattro and Karasov, 2016 (DMA4) X X X
Exp. 1 (WAM40) X X X
Exp. 2 (WAM40 and DMA4) — X X
Exp. 3 (pure 2,4-D, WAM40, and DMAA4) —_ X X

X indicates exposure at a life stage, and — indicates unexposed at the life stage.

WAM40 = Weedestroy®™ AM40; DMA4 =DMA™ 4 [VM; 2,4-D = 2,4-dichlorophenoxyacetic acid; Exp. = experiment.
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exposure system were prepared in Pyrex glass by diluting parent
herbicide or pure compound with distilled water. The resulting
mixture was aliquoted to 1 Lamber glass bottles. Stock solutions
were prepared every 6 d, stored in the dark at 8 °C, and held for
no more than é d. A new amber bottle for each treatment was
placed into the exposure system daily.

Fathead minnow husbandry

Fathead minnows were used as a model aquatic vertebrate
because they are native to North America, abundant in the Great
Lakes ecosystem (USA/Canada) where these formulations are
used, and are accepted as an excellent fish model given their
conserved endocrinology (Ankley and Villeneuve 2006). Seven-
month-old adult fathead minnows were obtained from the
Wisconsin State Laboratory of Hygiene (WSLH; Madison, WI,
USA). Fish were brought to the University of Wisconsin—-Madison
Water Science and Engineering Laboratory and maintained in
60-gallon tanks (~100 minnows/tank) as large sex-specific
groups, in a flow-through system at 25+ 1°C under a 16:8-h
light:dark photoperiod. Adult fish were fed frozen adult brine
shrimp (Brine Shrimp Direct) ad libitum twice daily. Temperature
was measured daily (25 + 1 °C); dissolved oxygen (8 + 0.5 mg/L),
pH (6.8-7), hardness (250 ppm), and ammonia (nondetectable)
were measured weekly. All exposures and laboratory practices
using fathead minnows were reviewed and approved by The
University of Wisconsin-Madison under RARC protocol AO05702.

Exposure system and chemical analyses

The present study used a flow-through exposure system. Two
4-channel, peristaltic pumps (model 07523-90, Cole Parmer)
delivered the control (distilled water) and three 2,4-D stock
solutions through tubing (size L/S 13 Masterflex™ Norprene®,
Cole Parmer) to individual glass dilution chambers at a rate of
0.5 mL/min. Heated (25 & 1 °C), carbon-filtered City of Madison
(WI, USA) water was added to the dilution chambers at a flow
rate of 1.5 L/min, which diluted the 2,4-D stock solutions to the
target 2,4-D concentrations of 0.00, 0.05, 0.50, and 2.00 ppm of
2,4-D. The water then flowed from each dilution chamber to 6
replicate exposure tanks (10L), with 12 tanks/treatment. The
flow rate into each tank was 250 mL/min (1 tank turnover/h). Each
dilution chamber and all 48 tanks (12 x 4 treatments) in the
system were constantly aerated. For adult exposures, each
exposure tank contained a 110- x 90- x 70-mm spawning tile

TABLE 2: Measured 2,4-D concentrations for experiments 1 and 2°

Target 2,4-D concentration Measured 2,4-D concentration

(ppm) (ppm)
0.00 ND

0.05 0.041+0.0013
0.50 0.39 4+ 0.0091
2.00 1.95+0.043

“Measured values are mean + standard error of the mean (n= 16 samples for each
treatment).
ND = nondetectable; 2,4-D = 2,4-dichlorophenoxyacetic acid.

made by cutting a polyvinyl chloride pipe in half lengthwise. For
larval exposure, the exposure systems were the same as above
except they did not contain a spawning tile.

Water samples for 2,4-D level analysis were taken before the
bottle solutions were renewed for the day. Samples were
immediately frozen and stored at -20°C. Analysis was
performed by the Wisconsin State Laboratory of Hygiene using
a 2,4-D enzyme immunoassay (ELISA) kit (minimum detectable
level =1 ppb; Modern Water). Treatment groups were named
by their nominal concentration of 2,4-D as measured by ELISA.
For experiments 1 and 2, concentrations of 0.00, 0.05, 0.50, and
2.00 ppm of each 2,4-D formulation (WAM40 and DMA4) were
confirmed by measuring samples from 4 randomly selected
tanks from each treatment every week (Table 2). All 3 treatments
differed from one another in 2,4-D concentration as expected
(F3,15=1603, p<0.0001; Supplemental Data, Figure S1). For
experiment 3, target concentrations of 0.00, 0.50, and 2.00 ppm
of each 2,4-D formulation (pure 2,4-D, WAM40, and DMA4) were
confirmed by measuring samples from 4 tanks selected
randomly from each treatment every week (Table 3). For
experiment 3, all 3 treatment groups with 0.50 ppm were not
significantly different in 2,4-D concentration (F;,3=2.402,
p>0.05), and all 3 treatment groups with 2.00 ppm were not
significantly different in 2,4-D concentration (F;23=3.166,
p>0.05). Target concentrations (ppm) will be referred to from
here on. When referring to active ingredient 2,4-D technical
grade, the term 2,4-D will be used, and when referring to
herbicide formulations, their respective names will be used from
here on.

Endpoints

At the end of all the experiments, animals were euthanized
with mass-appropriate buffered concentrations of MS222.
Animals were gently blotted with Kimwipes to remove excess
fluid, and wet mass was determined using an Ohaus analytical
balance with+0.001g precision. Total length of animals was
determined using a digital Mitutoyo absolute digimatic digital
caliper with £0.01 mm precision. Length measurements were
made from the tip of the longest jaw or end of the snout to the
longest caudal lobe (Kahn et al. 2004). Survival at various time
points was determined by visual counting.

TABLE 3: Measured 2,4-D concentrations for experiment 37

Target 2,4-D concentration Measured 2,4-D concentration

(ppm) (ppm)
0.00 ND

0.50 WAM40 0.36 +0.045
0.50 DMA4 0.45+0.059
0.50 Pure 2,4-D 0.29+0.048
2.00 WAM40 2.17 + 0.253
2.00 DMA4 2.58+0.0646
2.00 Pure 2,4-D 2.02+0.114

*Measured values are mean + standard error of the mean (n = 16 samples for each
treatment).

ND = nondetectable; 2,4-D = 2,4-dichlorophenoxyacetic acid; WAM40 =Wee-
destroy™ AM40; DMA4 =DMA™ 4 IVM.
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Experiment 1: Exposed adults, eggs, and larvae
(WAMA40)

Adult exposure consisted of reproductive groups comprised
of 2 adult females and 1 adult male that were assigned randomly
to each treatment. After a 15 d pre-exposure period involving 96
such groups, the 44 reproductive groups that showed the most
consistent daily spawning (1 spawn/3-7 d) and egg production
(>50 eggs/spawn) were selected for the 28-d exposure phase of
the assay. These groups were then allocated to 4 treatments
(0.00, 0.05, 0.50, and 2.00 ppm; 1 reproductive group/tank;
n=11 tanks/treatment). One tank in each treatment was left
empty to accommodate tiles with fertilized eggs to allow them to
hatch under exposure. To prevent bias in egg production by
treatment at the start of the exposure, the groups were assigned
based on their pre-exposure fecundity rate, such that the mean
egg production/female/day was balanced across treatments.
For example, the 4 groups that showed the highest fecundity
during the pre-exposure were randomly allocated among the 4
different treatments, and so on.

For egg and larvae exposure, fertilized eggs laid by exposed
adults were collected as available during days 26 to 33 of adult
exposure. Several spawns (~1000 eggs/treatment, minimum 6
tiles) in each treatment were collected and allocated within tanks
according to their respective treatments (i.e., eggs laid by adults
exposed to 0.00 ppm WAM40 were allocated to the 0.00-ppm
treatment tanks, and so on). Subsequently, eggs developed and
hatched under exposure. Tiles were removed after hatch and 2-d-
old larvae were allocated to 12 tanks within their respective
treatments (n= 10 larvae/tank). Larvae were raised to 30 dph in a
10-L tank. Larval survival per tank was determined weekly
throughout the exposure. After 30 d of exposure, larval fish
were euthanized, counted to determine larval survival (h=10
tanks for 0.00 ppm; n=12 tanks for 0.05, 0.50, and 2.00 ppm),
measured for total length (£0.01 mm), and weighed for wet mass
(£0.001 g).

Experiment 2: Unexposed adults and exposed
eggs and larvae (WAM40 and DMA4)

Unexposed adult fish were housed (2 females to 1 male;
n=30 reproductive groups) in a flow-through tank with one
spawning tile each. Within a 24-h period, 21 tiles, containing 50
to 200 eggs, were distributed into the 4 target concentrations
with approximately the same number of eggs in each (n=~800
eggs/treatment). The eggs developed and hatched under
exposure to target concentrations of WAM40. The tiles were
removed from the hatching tank when hatches were complete
(at 5-7 d), and 2-d-old larvae were allocated to 12 tanks within
their respective treatments (n=10 larvae/tank). Larvae were
raised to 30 dph in a 10-L tank. Larval survival/tank was
determined weekly throughout the exposure. After 30 d of
exposure, larval fish were euthanized, counted to determine
larval survival (n=12 for 0.00, 0.05, 0.50, and 2.00ppm),
measured for total length (+0.01 mm), and weighed for wet
mass (+£0.001 g). The same experiment was repeated using the
herbicide formulation DMAA4.

Experiment 3: Unexposed adults and exposed
eggs and larvae (WAM40, DMA4, pure 2,4-D)

Unexposed adult fish were housed (2 females to 1 male;
n=40 reproductive groups) in a flow-through tank with one
spawning tile each. Within a 24-h period, 30 tiles, containing 50
to 200 eggs, were distributed into the 4 target concentrations
with approximately the same number of eggs in each (n=~800
eggs/treatment). Eggs developed and hatched during exposure
to target concentrations of pure 2,4-D, WAM40, and DMA4
(0.00, 0.50, and 2.00ppm). Tiles were removed from the
hatching tank when hatches were complete (after 5-7 d), and
2-d-old larvae were allocated to 12 tanks within their respective
treatments (n= 15 larvae/tank). Larvae were raised to 30 dphina
10-L tank. Larval survival/tank was determined weekly through-
out the exposure. After 30 d of exposure, larval fish were
euthanized, counted to determine larval survival (n=22 for
0.00 ppm; n=12 for 0.50 ppm pure 2,4-D, WAMA40, and DMA4;
and 2.00 ppm pure 2,4-D, WAM40, and DMA4), measured for
total length (£0.01 mm), and weighed for wet mass (+0.001 g).

Data analysis

All data were analyzed using SAS software, Ver 9.4 for
Windows (SAS Institute). Prior to the use of parametric statistics,
the assumption of normality was tested with a Shapiro-Wilk test,
and the assumption of homoscedasticity was tested with
Bartlett's test. When assumptions of normality and/or homosce-
dasticity were not met, appropriate data transformations were
performed (e.g., log transformations). Parametric analyses were
performed using the MIXED procedure, whereby best fit
comparisons of equal and nonequal variance models were
made using a log-likelihood ratio test. Based on these results,
the most appropriate model was used for the analysis of data
that met the basic assumptions for parametric analysis.
Parametric analysis (analysis of variance) was followed by
Dunnett's post hoc comparisons. For nonparametric analyses,
we performed a Kruskal-Wallis test followed by a Dwass, Steel,
Critchlow—Fligner multiple comparison analysis (Douglas and
Michael 1991; Dietrich and Krieger 2009). Data are presented as
means =+ standard error of the mean (SEM; n=sample size).
Significance was set at p < 0.05.

RESULTS

Experiment 1: Exposed adults, eggs, and larvae
(WAM40)

We recorded no adult mortalities during the 15-d pre-
exposure or 28-d exposure periods. Larvae exposed to WAM40
experienced >90% of their mortalities in the first 2 wk of
exposure (Figure 1A). Larvae exposed to all 3 concentrations
showed a decrease in survival compared with control over the
30-d exposure (x?=20.1183, df=6, p=0.0026; Figure 1B).
Previously published data (DeQuattro and Karasov 2016) from
our laboratory illustrating a decrease in fathead minnow larval
survival after exposure to DMA4 have been included in Figure 1
to allow a direct comparison of WAM40 and DMA4 exposure
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FIGURE 1: Survival of fathead minnow larvae in experiment 1, in which
adults, eggs, and larvae were exposed to the 2,4-D formulations named
within each panel. Survival (%) is shown as a function of days post hatch
(A), or at 30 d post hatch (B). (C) Analogous data for comparison from
DeQuattro and Karasov (2016). Data are mean =+ standard error of the
mean (n=10-12 tanks in each treatment, each with 10 progeny from a
pair of exposed adults). Asterisk indicates significantly different value (p
< 0.05) compared with control by Dwass, Steel, Critchlow-Fligner
comparison. WAM40 = Weedestroy™ AM40; DMA4=DMA™ 4 VM.

trials (Figure 1C). Surviving larvae exposed to WAMA40 displayed
an increase in both mass and total length at 2.00ppm
concentration (total length: x2:25.93, p=0.0002, mass:
XZ: 29.46, p<0.0001; Figure 2A and B).

Experiment 2: Unexposed adults and exposed
eggs and larvae (WAM40 and DMA4)

Larvae exposed to 0.50 and 2.00 ppm WAM40 showed a
decrease in survival compared with control (X2:24.29, df=6,
p < 0.0001; Figure 3A). We observed >90% of observed mortality
during the first 2 wk of exposure (Figure 3B). Surviving larvae
exposed to 2.00 ppm WAM40 displayed a significant increase in
both massand total length (total length: F3 44 = 16.38, p < 0.0001,
mass: X2:24.75, p < 0.0001; Figure 2C and D).

Larvae exposed to 0.50 ppm DMA4 showed a significant
decrease in survival compared with control (X2 =20.1183, df=6,
p=0.0026; Figure 3C). Again, we observed >90% of the
mortality in the first 2 wk of exposure (Figure 3D). Surviving
larvae exposed to 2.00ppm DMA4 displayed a significant
increase in total length compared with controls (total length:
F3,44=14.25, p=0.0002; Figure 2E and F).

Experiment 3: Unexposed adults and exposed
eggs and larvae (WAM40, DMA4, pure 2,4-D)

Larvae exposed to 0.50 ppm pure 2,4-D, WAM40, and
DMA4 showed a significant decrease in survival compared with
controls (X2 =30.42, df=6, p<0.0001, p <0.0001, p <0.0004,
respectively). Larvae exposed to 2.00 ppm DMA4 showed a
significant decrease in survival compared with control
(X2:30.42, df=6, p<0.0157), whereas larvae exposed to
2.00 ppm WAM40 and pure 2,4-D did not show a significant
difference in survival compared with controls (p=0.0557,
p>0.10, respectively; Figure 4A). Again, we observed >90%
of all observed mortality in the first 2 wk of exposure
(Figure 4B). Surviving larvae exposed to 2.00 ppm DMA4
and WAMA40 displayed a significant increase in total length and
mass compared with controls (DMA4 total length: X2:52.62,
p=0.0160, mass: x°=68.2, p<0.0001;, WAM40 total
length: x?=52.62, p=0.0079, mass: x*=68.2, p=0.0044;
Figure 2G and H).

DISCUSSION

Overview

The results of the present study indicate that pure 2,4-D
and the formulations WAM40 and DMA4 all significantly
decreased fathead minnow larval survival at environmentally
relevant concentrations within the allowed application con-
centrations permitted by the product labels (spot treatments
<4 ppm and whole-lake treatments <2 ppm; US Environmen-
tal Protection Agency 2005). The 2,4-D amine herbicide
formulations and pure 2,4-D caused significant and similar
decreases in larval survival in fathead minnows exposed to
concentrations as low as 0.50 ppm, suggesting that 2,4-D
itself may be the causative agent in regard to larval survival. In
all experiments, >90% of the larval mortality observed
occurred within 14 dph. These results identify what may be
a critical window of exposure for fathead minnow larvae when
exposed to 2,4-D acid or its herbicide commercial
formulations.
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FIGURE 2: Length and mass of fathead minnow larvae raised in the different experiments, each of which was defined according to the particular
formulation of 2,4-D, or pure compound that was used (identified in each panel), and according to life stages that were exposed (see Table 1 for
description of each experiment). Values (mean =+ standard error of the mean; n=10-12 tanks in each treatment) of larvae total length (cm; A, C, E, G)
and body mass (g wet mass; B, D, F, H) obtained at 30 d post hatch. Asterisk indicates a significantly different value (p < 0.05) compared with controls by
Dwass, Steel, Critchlow-Fligner comparison. WAM40 = Weedestroy® AM40; DMA4 =DMA® 4 IVM; 2,4-D = 2,4-dichlorophenoxyacetic acid.

Pure 2,4-D versus 2,4-D herbicide formulations

Larvae exposed to pure 2,4-D and both formulations
(WAM40 or DMA4) showed similar impacts on survival at
0.50 ppm. The results suggest that exposure to the active
ingredient in these formulations, 2,4-D, is responsible for the

negative survival impacts. In contrast, the literature has shown
that pure 2,4-D compounds had no effect on survival at low,
ecologically relevant concentrations on older juvenile and adult
fathead minnows (US Environmental Protection Agency 2005;
Coady et al. 2013; Vigério and Sabdia 2014). To our knowledge,
no published studies have tested the impacts of environmentally
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FIGURE 3: Survival of fathead minnow larvae in experiment 2, in which adults were unexposed, and eggs and larvae were exposed to the 2,4-D
formulations named within each panel. Survival (%) is shown as a function of 30 d post hatch (A and C), or days post hatch (B and D). Data are
mean + standard error of the mean (n=12 tanks in each treatment, each with 10 progeny from a pair of unexposed adults). Asterisk indicates
significantly different value (p < 0.05) compared with control by Dwass, Steel, Critchlow-Fligner comparison. WAM40 = Weedestroy®™ AM40;

DMA4 =DMA" 4 IVM.

relevant doses (0.00-2.00 ppm) of pure 2,4-D exposure on
survival from fertilization to 14 dph in any fish species. Hence, our
data, in conjunction with other published data, are consistent
with pure 2,4-D being the causative toxic agent and fertilization
to 14 dph being a sensitive life stage in fathead minnows.

The present study used commercial 2,4-D herbicide for-
mulations that contained approximately 50% of the active
ingredient and 50% ingredients that are labeled inert (as given
on DMA4®IVM and Weedestroy® AM40 labels). Inert ingre-
dients are protected as confidential business information
(Northwest Coalition for Alternatives to Pesticides v. Browner
1996) or confidential by many governments (Organisation for
Economic Co-operation and Development 1998), which makes it
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difficult to understand whether they play a role in toxicity. Some
so-called inert ingredients that have been used in other 2,4-D
formulations include solvents (such as triisopropanolamine and
diethyleneglycol monoethyl), a silicone defoamer, and a
proprietary surfactant, for example, polyglycol 26-2 (Oakes
and Pollak 1999). Oakes and Pollak (1999) found that the
proprietary surfactant polyglycol 26-2 in Tordon 75D increased
the toxicity of the active ingredients by either increasing the
damage to cell membranes, increasing exposure of the active
ingredients, or being toxic itself. However, in the present study
with the DMA4 and WAM40 formulations, it was apparent that
inert ingredients did not cause an increase in toxicity compared
with the active ingredient, 2,4-D.

-e— Control

= Pure 2,4-D 0.50
-0- DMA4 0.50
-¥- WAM40 0.50
—— Pure 2,4-D 2.00
-=- DMA42.00
= WAMA40 2.00

7 14 21 30

Days post hatch

FIGURE 4: Survival of fathead minnow larvae in experiment 3, in which adults were unexposed, and eggs and larvae were exposed to either pure 2,4-D
or DMA4 or WAM40. Survival (%) is shown as a function of 30 d post hatch (A), or days post hatch (B). Data are mean = standard error of the mean (n= 12
tanks in each treatment, each with 15 progeny from a pair of unexposed adults). Asterisk indicates significantly different value (p < 0.05) compared with
control by Dwass, Steel, Critchlow-Fligner comparison after the first week of exposure (0.50 ppm pure 2,4-D). Double asterisk indicates significantly
different value (p < 0.05) compared with control by Dwass, Steel, Critchlow-Fligner comparison after the second week of exposure (0.50 ppm, DMA4,
WAMA40, and pure 2,4-D; 2.00 ppm DMA4). WAM40:Weedestroy® AM40; DMA4 =DMA® 4 IVM; 2,4-D = 2,4-dichlorophenoxyacetic acid.
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Critical window of exposure

The observation that >90% of larval mortality occurred
during the first 14 dph, in all 3 experiments described, illustrates
what may be a critical window during which exposure to 2,4-D,
WAMA40, or DMA4 seems to be impacting fathead minnow larval
survival. Offspring exposed from fertilization to 30 dph to pure
2,4-D, WAM40, or DMA4 exhibited a significant depression of
larval survival, regardless of parental exposure. Another experi-
ment done in our laboratory showed no significant impacts on
larval survival when only the parental generation was exposed
(constant exposure through spawn) and larvae were hatched and
raised to 30 dph unexposed (Supplemental Data, Figure S2).
Moreover, neither WAM40 nor DMA4 seem to have immediate
negative impacts on the survival of fathead minnow embryos
(spawn to hatch) regardless of parental exposure (Supplemental
Data, Figure S3; DeQuattro and Karasov 2016). These data taken
together suggest that the larval stage, in particular from
fertilization to 14 dph, is a critical window of exposure to 2,4-D.

The period between fertilization to 14 dph is considered to be
a critical developmental stage in fish (Laale and Lerner 1981;
Bentivegna and Piatkowski 1998; Sarikaya and Selvi 2005), and
toxicant exposure can affect early developmental stages more
than mature life stages (Lotufo and Fleeger 1997; Sarikaya and
Selvi 2005; Mécové et al. 2008; Fairchild et al. 2009; Mensah
etal. 2011). For example, swim-up rainbow trout, 10 to 14 d old,
exposed to the 2,4-D herbicide amine formulation Weedar 64
showed significant adverse effects on growth parameters,
whereas their juvenile counterparts were unaffected (Fairchild
et al. 2009). Early developmental stages (embryo and larva) are
typically more sensitive to xenobiotics because they have
underdeveloped homeostatic mechanisms, immature immune
systems, and underdeveloped organs (e.g., gills, liver, and
kidney), which are important in the detoxification and elimina-
tion of xenobiotics (Bentivehna and Piatkowski 1998; Laale and
Lerner 1981, McKim 1995; Mohammed 2013; Oikari et al. 2002).
Further research is required to determine if embryonic exposure
is required during the critical window of exposure to cause a
decrease in larval survival as seen in the present study.
Interestingly, exposure of germ cells in adults potentially makes
larvae more susceptible to exposure during the critical window
(fertilization to 14 dph) and may have compounding effects on
fathead minnow larval survival (Baker et al. 2014; Galus et al.
2014; Schwindt et al. 2014; Xin et al. 2015; Xu et al. 2017). The
present results suggest that future toxicant exposure studies on
other native fish species should include toxicant exposure to
early life stages.

Possible mechanisms of impacts on larval survival

We cannot for certain determine the mechanism by which
2,4-D and its herbicide formulations are exerting their low-dose
impacts on larval survival. Low-dose responses are not uncom-
mon in ecotoxicology (Bogers et al. 2006; Panter etal. 2010). The
endocrine system is adapted to react to low concentrations of
hormones (Tanaka et al. 1995), and low concentrations of
toxicants can mimic endogenous hormones within the body,

altering immune and metabolic responses (Tanaka et al. 1995;
Inui et al. 1995; Panter et al. 2010; Song 2014). It is possible that
low concentrations of 2,4-D may act as an endocrine active
compound and affect nontarget sites, receptors, and/or path-
ways in nontarget species (Stebbins-Boaz et al. 2004; Xie et al.
2005; Hossain et al. 2008). Crucial endocrine systems are under
development during early life stages (i.e., the hypothalamic—
pituitary—interrenal, hypothalamic—pituitary—thyroid, hypotha-
lamic—pituitary—gonadal axes; Inui et al. 1995; Bogers et al.
2006; Aslop and Vijayan 2009; Ankley and Johnson 2004). Adult
fathead minnows exposed to DMA4 or WAM40 showed a
decrease in tubercle count (DeQuattro and Karasov 2016),
suggesting that 2,4-D or some other component of those
formulations was acting as an antagonist of an androgen
receptor-mediated pathway (Ankley et al. 2004). The androgen
receptor has been shown to be active early in fish embryos and
larvae (Hossain et al. 2008; Gorelick et al. 2008) and can affect a
myriad of early life developmental and physiological pathways
(Borg 1994). Given the role of androgens in early development,
the established activity of the androgen receptor in fish embryos
and larva, and previous findings that 2,4-D is endocrine active, it
is possible that 2,4-D herbicides are exerting their impacts on
larval survival via antagonism of the androgen receptor.

Another possible hypothesis for the impacts of 2,4-D on
fathead minnow larval survival is that exposure to 2,4-D increases
oxidative stress in multiple fish tissues, decreasing survival
through an increase in the presence of reactive oxygen species
(ROS) or interference with ROS deactivation pathways (Aoki
2001; Ozcan Oruc et al. 2004; Lushchak 2011; Atamaniuk et al.
2013; Tayeb etal. 2013). Fish exposed to 2,4-D have been shown
to have increased oxidative stress in the kidneys, liver, and brain
(Ozcan Oruc et al. 2004; Atamaniuk et al. 2013). Li et al. (2017)
reported that zebrafish embryos exposed to 25ppm 2,4-D
showed a decreased hatch rate and survival, increased
manifestation of pericardial edemas, and impacted regulation
of key heart and oxidative stress biomarker genes. Although Li
et al. (2017) used exposure concentrations above those of the
present study and a different model aquatic vertebrate, their
report provides insight into how chronic low-concentration
exposures may be acting to induce the significant decreases in
larval survival observed in the present study.

At this time, definitive conclusions cannot be made on the
mechanism of action for decreased survival in fathead minnow
larvae exposed to environmentally relevant concentrations of
pure 2,4-D, WAM40, or DMA4 from post fertilization to 14 dph.
Further research on the impacts of 2,4-D and commercial 2,4-D
formulations at environmentally relevant concentrations is
warranted. More specifically, exposures focused on the early
life stage of fishes that monitor the impacts of exposure on both
ROS biomarkers and androgen receptor expression profile
could help to elucidate the mechanism of 2,4-D toxicity.

Increase in growth

Larvae exposed to 2.00 ppm WAM40 and DMA4 showed
significant increases in total length and/or mass compared with
control. The current findings contradict those of Menezes et al.
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(2015); in their study, juvenile silver catfish showed a decrease in
both body weight and total length when exposed to the
2.00ppm 2,4-D herbicide formulation U 46 D-fluid. However,
Menezes et al. (2015) used a different life stage, a different
species, and a different formulation. Any or all of these
differences may account for the different results in the present
study (US Environmental Protection Agency 2005). An increase
in resources or lack of competition is not the likely cause of
increase in size, because we did not observe significant increases
in length or mass in larval fish exposed to 0.50ppm, the
treatment with the largest reduction in survival. Furthermore,
the 2,4-D compound itself seems not likely to be the cause of the
observed increases in size, because larval fish exposed to
2.00 ppm pure 2,4-D did not show an increase in either length or
mass compared with controls. Thus, the observed results could
be due to other compounds in the formulations acting directly or
through an interaction between the labeled inert ingredients
and 2,4-D. These formulations contain up to 53% of putatively
inertingredients that manufacturers do not specify. Currently, no
conclusion on the mechanism of action can be made as to why
larvae exposed to 2.00 ppm DMA4 or WAM40 post fertilization
showed an increase in both total length and mass.

Management implications

At the current concentrations permitted by the USEPA for
2,4-D amine herbicide formulations, the application of WAM40
and DMA4 to aquatic ecosystems likely decreases fathead
minnow larval survival and recruitment and could impact other
native fishes similarly. In the present study, exposure of
fathead minnows to pure 2,4-D and 2,4-D amine formulations
at concentrations <2.00 ppm during fertilization to 14 dph
caused the most significant decrease in larval survival. These
impacts on fishes are most likely realized when herbicide
application coincides with the breeding cycles and recruitment
periods. However, given previous studies illustrating a
potentially long latency period (i.e., up to 93 d; Nault et al.
2014) of 2,4-D in the water column, risk periods to fish may
range from 21 d to months after application dates (US
Environmental Protection Agency 2005). Furthermore, expo-
sure of the germ cells in adults potentially makes the larvae
more susceptible to a broader range of concentrations
(0.05-2.00 ppm; DeQuattro and Karasov 2016). These findings
suggest that permitting these herbicide formulations, based
solely on data provided using juvenile and adult stages
exposed to the pure 2,4-D acid and amine forms, should be re-
evaluated.

CONCLUSIONS

The present study showed that exposure of fathead minnow
larvae to pure 2,4-D, DMA4, and WAMA40 significantly
decreased larval survival and demonstrated that the complete
formulations, WAM40 and DMA4, did not increase toxicity
compared with the active ingredient 2,4-D. The critical window
of exposure for pure 2,4-D and both formulations was from
fertilization to 14 dph. Significant impacts on survival were

detected at concentrations below USEPA-permitted applica-
tion limits. Furthermore, it seems that 2,4-D is the causative
agent decreasing larval survival. Our results can be used to
guide new toxicological studies using 2,4-D in the future. The
permitted use of 2,4-D herbicide formulations in aquatic
environments warrants caution, and a re-evaluation is needed
for permitting regulations.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at DOI: 10.1002/etc.4209.
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